In the past, brain death in the donor has been recognized as an important risk factor for the success of solid organ transplantation. Brain death-related systemic changes that may influence potential donor organs do not seem to be restricted to hormonal and hemodynamic alterations. This review shows that at present there is convincing evidence for an inflammatory response in the donor organs as a direct result of brain death. This may be caused by systemic factors released from the brain as a result of its damage. Also, new research is reviewed suggesting the presence of other processes that occur at organ level in brain death.
Introduction
Over the past few decades, solid organ transplantation has become an accepted therapy in the treatment of endstage organ failure. Despite all the achievements including standardization of techniques, better understanding and treatment of complications, and the development of a new generation of immunosuppressants in the 1980s, the ultimate goal of a lifelong uncomplicated graft survival has not yet been reached. To date, chronic rejection and organ dysfunction still remain large problems. More recently, it has become clear that the occurrence of these late events is correlated with early injury incurred around the donation and transplantation period. In this respect, during the past few years, more attention has been paid to the condition of the donor in addition to other risk factors such as the surgical procedure or the incompatibility of donor and graft [1] .
Most organs used in clinical transplantation have been retrieved from heart-beating, brain-dead patients. For several patient categories-for instance, those waiting for a donor heart-this is inevitable. Because of a persistent shortage of donor organs, however, organs from living related or unrelated donors and, to a lesser extent, from nonheart-beating donors have become more accepted for transplantation over the past few years [2] . This extension of the donor pool has been primarily applied in kidney transplantation, although now both living and nonheart-beating donors are becoming accepted treatment modalities for liver and lung transplantation as well.
Well-matched living donor-recipient combinations were known to have superior transplant results over cadaveric donor kidneys. However, during the past few years, it has become obvious that fully mismatched living unrelated grafts also show better outcomes in survival rates than kidneys retrieved from brain-dead cadaveric donors with a similar matching grade for HLA antigens. Terasaki et al. [3] describe the survival of transplanted kidneys from different donors based on a large database. Cheng et al. [4] show very clearly the advantage of living donation above all other possibilities in liver transplantation for hepatocellular carcinoma. This difference in results could not be fully attributed to prolonged cold ischemia times for grafts procured from brain-dead donors, be-cause no significant effect of cold ischemia time on kidney transplantation outcome was seen with preservation times as long as 24 hours [3] [4] [5] . This pointed at the fact that the aspect of living versus dead obviously played a significant role in the quality and viability of donor organs. Thus, the authors and others started to focus on the role and effects of brain death on the function and outcome after transplantation [6, 7] . Reporting for the research group of Tilney, Gasser et al. [6] reviewed the detrimental effects of brain death on peripheral organs. Much of the success in organ transplantation is dependent on the ability to recognize, prevent, and possibly repair aspecific inflammatory and specific immune responses triggered during the donor period and intensified during ischemia and reperfusion.
Concept of brain death
The concept of brain death did not come into use until the 1960s. This can be explained by the development of mechanical ventilators not much earlier. In 1959, the French neurologists Mollaret and Goulon described a state of irreversible coma without reflexes (the coma dépassée) after massive cerebral injury that required mechanical ventilation [8] . The comatose state would typically end in death after several days or weeks. A few years later, the concept was picked up in the rest of the world. To deal with this upcoming problem of deceased patients with intact circulation, a committee was installed in 1968 at Harvard Medical School, followed by other committees in several countries, which formulated criteria for brain death so that in these cases, ventilators could be turned off [9] .
Brain death was thus medically and legally defined as a state of nonfunctioning of the brain, thereby requiring mechanical ventilation to support certain basic functions for a limited time. This development has formed a legal basis for using deceased patients as organ donors. Nowadays, brain death is seen as irreversible nonfunction of the brain as a central integrating organ regulating the body. This disintegration will therefore lead to disruption of several regulatory systems in the body, thereby affecting the potential donor organs.
Mechanisms and systemic changes in brain death
Irreversible cerebral injury leading to brain death usually results from intracranial hemorrhage or traumatic brain injury. In both instances, there is an increasing mass effect in the brain caused by intracranial volume expansion. This results in compression of brain tissue and a compromised liquor drainage and venous return, thereby inducing cerebral hypoxia and edema leading to an ongoing increase in intracranial pressure. Then brain stem compression occurs, with herniation of the brain stem into the foramen magnum, thereby causing respiratory arrest. Finally, complete brain ischemia precedes brain death. Mertes [10] provides a nice introduction to the physiologic aspects of brain death and their consequences in organ transplantation.
At first, some amount of viable tissue can still remain in the brain-dead patient. Total ischemia and necrosis of the spinal cord usually follow after destruction of the brain. Similarly, in some patients, the pituitary gland temporarily keeps its function. However, in most cases, the complete and irreversible loss of all brain stem functions can be established by clinical neurologic examination. The unresponsive patient shows an absence of brain stem reflexes and absolute apnea on stopping the mechanical ventilation. In most countries, confirmatory tests besides clinical examination such as electroencephalography or cerebral angiography are required to confirm the diagnosis of brain death.
Increases in intracranial pressure and brain ischemia lead to a series of major pathophysiologic changes usually referred to as the autonomic storm. After a few minutes of excessive parasympathetic activity during the onset of brain death, the body reacts with an initial attempt to overcome increased intracranial pressure by severe vasoconstriction and, thereby, an increase in blood pressure, known as the Cushing reflex. This vasoconstriction occurs because of the fulminant release of endogenous catecholamines and probably causes a relative hypoperfusion in peripheral organs. Progressive paralysis of the spinal cord sympathetic pathways then leads to sympathetic deactivation with a decline in systemic vascular resistance to levels of less than 50% of baseline values. The period that follows is characterized by hemodynamic instability with hypotension and hypoperfusion of abdominal organs. In this phase, catecholamine levels drop to below baseline levels [10] .
Other endocrinologic disturbances have also been widely reported. In most brain-dead patients, the function of the hypothalamo-pituitary axis is completely affected, as reflected by the onset of diabetes insipidus. However, in some patients, parts of the posterior lobe of the pituitary gland have been proven to be preserved. Also, patients have been described in whom circulating anterior pituitary hormones such as growth hormone, adrenocorticotropic hormone, and thyroid-stimulating hormone were detected until 1 week after brain death. Even so, most patients also have a nonfunctioning hypothalamicpituitary-thyroid axis. Whether substitution with triiodothyronine, cortisol, and insulin has beneficial effects on donor condition still remains contradictory. Novitzky [11] reported a reversal of anaerobic to aerobic metabolism and an improved hemodynamic status, but Gifford [12] failed to find any correlation between hormone levels and outcome parameters. Finally, levels of cortisol, insulin, atrial natriuretic peptide, and the renin-angiotensin-aldosterone axis do not seem to alter dramatically with onset of brain death.
During these systemic changes, many substances circulate through the body that are also seen during inflammatory responses. Shortly after brain death, high levels of cytokines such as interleukin-1␤ and interleukin-6, soluble cytokine receptors like sIL-2 receptor and sTNF receptor II, and vasoactive substances like endothelin-1 can be detected in the peripheral blood of the patient [13, 14] . Lopau et al. [14] measured the full hormonal state of the brain-dead human donor. These substances may well originate from the brain as in less severe forms of brain damage such as acute ischemic stroke. A rise in both systemic soluble proinflammatory cytokines and soluble adhesion molecules could also be detected [15, 16] , whereas subarachnoid hemorrhage is known to cause a release of endothelin-1 in serum [17, 18] . Likewise, in traumatic brain injury not followed by brain death, high interleukin-6 levels were detected in serum [19] .
Pathophysiologic effects on organs during brain death
As stated before, peripheral organs suffer from the effects of brain death. The specific nature of the stress stimulus or stimuli in brain death to which organs respond remains to be investigated. Systemic hemodynamics-that is, hypertension at the onset of brain death and subsequent hypotension and hypoperfusion-may be held responsible for the upregulation of several detrimental factors and the induction of an inflammatory endothelial reaction. These hemodynamic changes probably cause an amount of endothelial shear stress followed by a period of vasoconstriction leading to temporary ischemia of the abdominal organs. These same factors, shear stress and ischemia, are known to be able to activate the endothelium and cause an inflammatory response [20, 21] .
On the other hand, brain damage itself may cause a release of known or as yet unknown factors that trigger a response on the level of the organ itself. Possible candidates for these factors are cytokines, soluble adhesion molecules, or vasoactive substances such as endothelin-1. Indeed, molecules involved in inflammation could well be responsible for a part of the detrimental effects on organs, because the beginning of an inflammatory response on the organ level has now been reported for several organs.
Heart
During the onset of brain death, catecholamines are released not only in the systemic circulation but also locally in the heart. These local concentrations, derived from sympathetic nerve endings, are far higher than plasma norepinephrine levels and are well capable of inducing various types of myocyte necrosis, such as contraction band necrosis, coagulation necrosis, and myocytolysis. Administration of similar high doses of exogenous cate-cholamines to experimental animals showed the same effects of necrosis [10] . This damage is further increased by massive calcium uptake of myocytes, stimulated through their ␤-receptor. Sympathectomy and calcium antagonists have been shown to reduce cardiac damage substantially. Wilhelm et al. [22] described the systemic changes to the heart induced by brain death. Also, as in other organs, endothelial cells are injured by brain death, which is a beginning for cardiac allograft vasculopathy, the limiting factor in prolonged cardiac survival [23] . This process happens during a diffuse inflammatory reaction with expression of cytokines and adhesion molecules in the heart [24] .
Lungs
The rapid hemodynamic changes that occur during brain death have detrimental effects on the lungs as well. As the heart receives an increased venous return of blood during the period of extreme vasoconstriction, the left atrial pressure exceeds the pulmonary artery pressure for a few seconds, causing a temporary circulatory stop and pulmonary hypertension in the capillaries of the lung. The lung tissue that is exposed to this type of pressure becomes severely injured, and the capillary integrity within the lungs is disrupted, causing pulmonary edema and interstitial hemorrhage [25] . Obviously, the prerequisite of mechanical ventilation in brain death has an additional adverse effect on the condition of the lungs.
The detrimental effects of brain death can also be found at a cellular level. Fisher et al. [26] found increased gene expression levels of interleukin-8 and growth-related gene ␣) after brain death compared with control ventilated patients. These interleukin-8 levels strongly correlated with the extent of neutrophil infiltration in the lungs.
Liver
Although quite difficult to establish, evidence is mounting that the phase of brain death has similar negative effects on liver viability to those observed in other organs [27, 28] . Histologic changes to liver tissue induced by brain death are described in some studies. Nagareda et al. [29] described the results of sequential liver biopsies in humans as long as 48 days after onset of brain death. Because of the Japanese system, which until recently did not allow brain-dead patients to be used as organ donors, this unique study shows histologic features of brain-dead livers after a prolonged period of brain death [29] . Central venous congestion during the first days after onset of brain death is reported. This is probably caused by brain death-induced circulatory failure. No significant central fibrosis, fatty metamorphosis, piecemeal necrosis, or periportal fibrosis was observed. Sometimes intrahepatic cholangitis was observed, generally more than 5 days after onset of brain death. Cholangitis was most likely caused by the known effect of medication or vagal de-nervation leading to gallbladder cholestasis and altered hepatic bile flow [30] .
The onset of brain death does not seem to have an effect on the metabolic function of the liver [31, 32] . Brain death did, however, have a negative effect on the preservation rate of ATP production after heat loading, also a viability assay for mitochondrial function. Although such an impairment might not affect graft function in uncomplicated transplantation situations, under unfavorable effects on posttransplant liver function are likely [33] . Effects of the use of vasoactive drugs to overcome brain death-induced hypotension on liver metabolism have also been subject of several studies. Although consensus still has not been reached, certain vasoactive drugs seem to have an effect on liver metabolism. Dopamine use in the donor has been shown to increase the incidence of primary graft failure, probably by reducing the redox state of liver mitochondria [32] . Vasopressin alone or in combination with epinephrine has no negative effects on the metabolic function of the liver [34] .
To unravel the detrimental effects of brain death on the potential donor organ, the authors developed an animal model simulating brain death after intracranial trauma. In this model, brain death is induced by inflation of an intracranial balloon catheter in the anesthetized rat. In the rat brain-death model, tissue damage, as reflected by standard serum parameters, was profound: a threefold rise in serum creatinine and AST levels of more than 150 IU were detected after 6 hours of brain death [35••]. These livers were used in a liver transplant model. Even without cold preservation, graft survival already decreased with 25% after transplantation of livers derived from brain-dead donors [36] . The decreased organ survival after brain death is shown very clearly in the study by Van der Hoeven et al.
[36] using a rat liver transplant model. In an isolated perfused liver model, livers from brain-dead donors showed far more decrease in function (lower bile production and active transport mechanisms) and increase in injury parameters (higher transaminases and LDH; Unpublished data).
Histologically, an infiltration of leukocytes, particularly of PMNs and macrophages but also a small increase in T cells, is seen after brain death. Also, expression of cell adhesion molecules intercellular adhesion molecule (ICAM) and vascular cell adhesion molecule (VCAM) is increased [35••]. The detrimental effects of brain death on the liver are also demonstrated by the occurrence of apoptosis of hepatocytes, as assessed by caspase 3 activity and TUNEL assay after only 6 hours of brain death [37] .
Kidney
Epidemiologic studies were the first to show the detrimental effects of brain death on organ quality in kidneys. A good comparison can be made between recipients of cadaveric kidneys and the large number of recipients of living related and unrelated donor kidneys [3] .
From the onset of brain death through the catecholamine storm until brain death induced hypotension, kidney perfusion can be significantly compromised in potential organ donors. Because decreased kidney perfusion is regarded as a major cause of kidney damage [38] , the effect of brain death on kidney viability has been studied. Viability has been verified by histologic examination. Morphologic changes in potential donor kidneys before organ procurement have been found. A limited degeneration of tubular lining cells can be seen from the day of onset of brain death, increasing with the duration of the agonal phase. These degenerative changes are more extensive in the distal than in the proximal tubuli. Also, progression of arterial intimal proliferation, periglomerular fibrosis, and periglomerulitis are found after the onset of brain death [39] . In a study investigating effects of brain death on rabbit kidneys, however, only slight tubular and glomerular changes were observed.
Although increases of inflammatory cytokines and invading neutrophils could already be found in animal models and human studies after brain death, a massive invasion of recipient macrophages and T cells and an upregulation of adhesion molecules (both selectins and Ig superfamily members) and HLA-DR antigens could be found after reperfusion compared with reperfused nonbraindead controls in human and rat kidney grafts [40•,41].
In our rat brain death modele, the authors not only detected rises in serum creatinine, indicating decreased kidney function, but also demonstrated a progressive inflammatory response in the donor kidney. Leukocyte influx increased twofold in the kidney after 6 hours of brain death. Adhesion molecules VCAM-1 and ICAM-1 were clearly more expressed in brain-dead donor organs. The immediate early gene FOS was found in kidney biopsies from brain-dead animals only [42] .
Similar to the results of the rat studies, the authors' findings were increased levels of cell adhesion molecules E-selectin, ICAM-1, and VCAM-1 in human cadaveric kidneys compared with control biopsies from living related kidneys (Unpublished data, May 2003). Recently, an isolated perfused kidney model was developed as well. Using this model, a dramatic decrease in function (almost no urine production, sodium retention) in kidneys from brain-dead donors and, even more, in kidneys from nonheart-beating donors was revealed (Unpublished data, November 2003).
Recently, the authors isolated mRNA from fine-needle kidney biopsies from human brain-dead and living donors. With reverse-transcription polymerase chain reaction, the authors studied expression of several genes possibly involved in brain death. Despite the heterogeneous background of the donors, the authors found elevated levels of HO-1 and hsp70 in brain-dead donors. HO-1 and hsp70 encode proteins with several cytoprotective properties against ischemia, heat, and toxins. Furthermore, after correlating donor variables with gene expression, a strong association was found between elevated AST and ALT serum levels and increased HO-1 gene expression. This also indicates a damage response on brain death, although it is not entirely clear whether HO-1 expression in the kidney and serum AST/ALT are both manifestations of systemic stress and organ damage or whether elevated AST/ALT levels are produced by the kidney itself (Unpublished data, May 2003).
Systematic assessment of pathways involved in the reaction on brain death
Although knowledge regarding brain death has broadened during the past few years, the undoubtedly complex mechanisms by which brain death leads to these processes remain unclear. To unravel these regulatory pathways further, the authors recently performed microarray studies with RNA derived from brain-dead rats (Unpublished data, January 2004). DNA microarrays enable the expression analyses of multiple genes simultaneously. In this technique, isolated RNA is labeled and used as a probe on an array containing several thousands of spotted genes involved in a wide range of biologic pathways. By using oligonucleotide microarrays containing 5000 unique rat sequences, 72 genes were identified as being differentially expressed, which was confirmed by reverse-transcription polymerase chain reaction for a selected number of genes.
Further analyses of the data enabled the authors to categorize a substantial number of these genes in different functional groups: (1) upregulation of inflammation and coagulation (with adhesion molecules like e-selectin, cytokines like interleukin-1␤ and interleukin-6, chemokines (eg, MCP-1), and ␣-fibrinogen and ␤-fibrinogen involved in coagulation), (2) upregulation of cell division and fibrosis (with cell cycle arrest gene KIM-1 putatively involved in regeneration of proximal tubular cells and fibrosis genes collagen ␣1 and 2), (3) upregulation of genes involved in protection and repair (heat shock proteins, antiapoptotic genes, and the oxygen-radical scavenger MnSOD), and (4) downregulation of several genes involved in metabolism and transport of the kidney.
Also, genes encoding transcription factors and proteins involved in signal transduction were identified, of which an extended number have been shown to be regulated by key transcription factors as NF-B and Egr-1.
These results indicate not only that deleterious processes such as inflammation and fibrosis occur in braindead donor organs but also that genes involved in protection and repair processes are activated. More research about the mutual interaction of these processes must be conducted in the future.
Conclusion
These exciting results of microarray studies outline further studies needed to explain the process of brain injury and brain death in a potential donor in detail. The exact mechanisms and pathways responsible for the reduced graft quality are still largely unknown. No detailed models and hypotheses have been published to date. Also, there have been few brain death intervention studies published.
The authors have shown that brain death in the rat has definite effects on three important groups of genes: genes involved in inflammation and coagulation, cell division and fibrosis, and protection and repair. From a general idea of preventing injury, artificial upregulation of the heat shock protein heme oxygenase-1 has been correlated to an improvement in both kidney graft function and survival after brain death [43] . However, in this study, HO-1 was induced with the toxic substance cobalt-protoporphyrin, thereby rendering this approach unsuitable for a translation to the human situation. Other, less toxic upregulators of heat shock proteins like HO-1 may thus prove to be a great advance in treatment.
Another promising approach is to block or suppress the proven inflammatory processes and to test its effect on transplantation outcome. Until now, very few intervention studies have been performed to test whether inflammation could be suppressed. This is not surprising, because not many groups have used a functional brain death animal model. Until now, only the administration of soluble P-selectin glycoprotein ligand during brain death in a rat kidney transplant model has been tested [44,45••]. Recipients of treated kidneys showed survival times comparable with living donor controls and significantly better than the untreated allografts. This approach shows promising results, even while focusing only on a very small aspect of the process of brain death.
The authors speculate that the activation of T cells later during brain death will also lead to injury and result in an increased rate of rejection. To block the specific immune system with the potential of decreased immunogenicity, improved function and less rejection may also be a starting point of further study.
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